Micronutrient sufficiency ranges are of great importance in crop nutritional diagnosing for improved fertilizer recommendations under field conditions. The objective of this paper was establishing the micronutrients ranges in the cladodes for the evaluation of the nutritional status of 'Gigante' forage cactus pear. Micronutrients contents in cladodes and dry matter yield of 72 plots were used. The experiment was composed of four cattle manure rates (0, 30, 60, and 90 Mg ha -1 year -1 ), three spacings (l.00 × 0.50, 2.00 × 0.25, and 3.00 × 1.00 × 0.25 m), and two production cycles, in a 4 × 3 × 2 factorial plan, designed in randomized blocks, with three replicates. Sufficiency ranges of plots with dry matter ≥ 19.93 Mg ha -1 cycle -1 were determined as well as the mathematical chance for plots with dry matter ≥ 23.75 Mg ha -1 cycle -1 and the critical level. The sufficiency range, critical level and mathematical chance are, respectively, for each micronutrient, in mg kgthe sufficiency range, mathematical chance, and the critical level are adequate; for Cu, Fe, and Mn, the critical level and mathematical chance are more adequate for nutritional evaluation of `Gigante` forage cactus pear, associated with dry matter yield ranging from 21.8 to 31.2 Mg ha -1 cycle -1 .
Introduction
The forage cactus pear (Opuntia ficus-indica Mill) has special morphologic mechanisms that allow it to adapt to drought conditions, which makes its cultivation essential in the Brazilian semiarid (Guimarães et al., 2019) . For this reason, when adopting efficient managements in seasons with high water and nutrients availability, mainly concerning fertilization rates, the cactus modifies its physiological behavior, which leads to an increase in growth, yield, and nutritional quality.
Sufficiency ranges and critical levels were established for forage cactus pear grown in Mexico (Blanco-Macías et al., 2010) ; though, there is demand for a standard for interpreting the micronutrients contents in tissues of cladodes, which sometimes limits the crop yield. Therefore, the aim of this study wasestablishing sufficiency ranges of micronutrients in tissues of cladodes for 'Gigante' forage cactus pear.
Material and Methods
A field trial was conducted from 2009 and 2012 on an experimental area of Instituto Federal Baiano, campus Guanambi, Bahia state, Brazil (14°13′30″S, 42°13′53″W, 545 m of elevation). The soil was classified as a typical dystrophic red-yellow Latosol (Oxysol). Climatic conditions were hypoxerophytic Caatinga; mean annual rainfall and temperature were 680 mm and 26 °C, respectively.
In this study, micronutrient contents-boron (B), copper (Cu), Iron (Fe), manganese (Mn), zinc (Zn), and sodium (Na)-as well as dry matter yield (DMY) and green matter yield (GMY) were evaluated using 'Gigante' forage cactus pear cladode samples; data from Donato et al. (2014a Donato et al. ( , 2014b Donato et al. ( , 2016 and Barros et al. (2016) for the first and second cycle were used, respectively.
Cladode micronutrient contents were measured considering a experimental design with four cattle manure rates (0, 30, 60, and 90 Mg ha -1 year -1 ), three spacings (1.0 × 5.00, 2.00 × 0.24; and 1.00 × 0.25 m), and two production cycles (600 and 930 days after planting). These treatments were arranged in a 4 × 3 × 2 factorial laid out on a randomized block design with three replicates, totaling 72 experimental plots.
Sufficiency range (SR) and critical range (CR) were standardized by taking into account the mean ±standard deviation of micronutrient contents measured in experimental plots yielding dry matter equal to or higher than the average yield (Martinez et al., 2003) . Using the mathematical change procedure (MCh), data from plots with DMY ≥ 23.75 Mg ha -1 cycle -1 were selected (Camacho et al., 2012) .
Therefore, sufficiency ranges were determined by the equation: SR = x ± kSx ; SR ≥ x -kSx < x + kSx , where, x is the mean tissue content of each micronutrient, Sx is the standard deviation, √S is the square root of the variance, and k is the correction factor for adjusting the sufficiency ranges. The k values were established based on the coefficient of variation (CV) of each nutrient: k = 1.0 for nutrients with CV below 20%; k = 0.8 for CV between 20.01 and 40%; k = 0.6 for CV between 40.01 and 80%; and k = 0.4 for CV higher than 80% (Martinez et al., 2003) .
In addition to SR, cladode micronutrient contents were separated into four levels: deficient (DEF), marginal (MAR), high (HI), and very high (VHI). These classes were established according to the following procedure: DEF < (x -2kSx ) ; MARG ≥ x -2kSx and < (x -kSx ) ; IGH ≥ (x + kS x ) and < (x + 2kSx) ; VHIGH ≥ (x + 2kSx ).
Cladode micronutrient contents were classified based on confidence intervals (CI) determined by the model: CI = x ± tα·Sx , where x is the mean, Sx is the standard deviation of the mean, and tα is the bilateral t value at 10% of probability level for high yielding plots.
By the standard normal distribution, critical levels were determined for cladode micronutrient contents using the model proposed by Maia et al. (2001) : CL I = (1,281552·Sx 1 + x 1 )/(1,281552·Sx 2 + x 2 ); where, CL is the critical level; Sx 1 and a 1 are the standard deviation and average yield (Y); and Sx 2 ·ex 2 are standard deviation and average of Q, which is defined as the ratio between Y and n i , Q = Y/n i ; where n i is the nutrient content used to determine the critical level.
Using the mathematical chance model (MCh), micronutrient contents were split into classes by the square root of the number of terms whose intervals were calculated by the division between nutrient content and the number of pre-defined classes. Lower (LLi) and upper (ULi) limits were established for each micronutrient, which corresponded to the normal range due to its higher reference value: MCh; furthermore, the highest total frequency of plots in class i and the highest frequency of plots with dry matter yield equal to or higher than 23.75 Mg ha -1 cycle -1 in class I were considered.
Moreover, the correlation between the micronutrients contents in the tissues and DMY with micronutrients uptake and green mass yield was estimated. jas.ccsenet.
Results
The dry m DMY incr cactus pea 1), except uptake (0. contents in (-0.29 (Table 3) Note. 1 Note. 1 Range of dry matter yield associated with the normal ranges of crude protein and micronutrients; 2 Estimated from the upper and lower limits of the frequency class with higher values of mathematical chance (Camacho et al., 2012) , higher frequency of the total number of plots in the class iand higher frequency of high-yielding plots in the class i; 3 According to Maia et al. (2001) ; 4 Average DMY + 0.5 standard deviation, used to separate high from low yielding plots in the class i; 5 Sufficiency range and critical level (Blanco-Macías et al., 2010) .
B was the penultimate micronutrient in the order of extraction/exportation to the dry matter of the plant, 29.8 g Mg -1 (Donato, 2011) and 22.8 g Mg -1 (Silva et al., 2016a) . This is consistent with the lesser degree of association between the B content in the cladode and its extraction from the soil (0.36), even though there is a higher degree in DMY with B extraction ( Figure 1B) , and B is the main micronutrient related to the growth of the cactus pear (Dubeux Júnior & Santos, 2005) . SR, MCh, and NCRIz are suitable for evaluating the nutritional status of cactus pear.
The highest value of MCh for the Cu contents in cladodes of 'Gigante' forage cactus pear was found in the class 4 (1.8-2.8 mg kg -1 ) ( Table 2 ). The lower limit (LLi) of MCh is similar to that of NCRIz (1.6 mg kg -1 ), while the upper limit (ULi) is within the SR (2.0-3.7 mg kg -1 ) ( Table 3 ). Cu contents above the SR (5.1 mg kg -1 ) were obtained by Silva et al. (2012) for forage production, with 200-150-100 kg ha -1 year -1 of N-P 2 O 5 -K 2 O; whereas Galizzi et al. (2004) found Cu contents within the SR (2.9 mg kg -1 ) for fruit production, with 100-50-100-50 kg ha -1 of N-P-K-Mg. Cu is the micronutrient with lower extraction/exportation to the dry matter of forage cactus pear, 3.1 g Mg -1 (Donato, 2011) and 5.3 g Mg -1 (Silva et al., 2016a) ; thus, the NCRIz and MCh are more suitable for evaluating the nutritional status for Cu.
The highest value of MCh for Fe contents in cladodes of the plant was observed in the class 5 (35.87-85.31 mg kg -1 ) ( Table 2 ). The NCRIz (62.0 mg kg -1 ) is an intermediate value within the MCh and is found in the lower limit of the SR. As for the ULi of MCh, it is in the SR (61.1-126.6 mg kg -1 ) ( Table 3) . Fe contents below the SR, within, however, the MCh, were reported by Silva et al. (2012) , 48.5 mg kg -1 and by Galizzi et al. (2004) , 41 mg kg -1 . Fe was the second micronutrient in order of extraction/exportation to the dry matter of the plant, 72.5 g Mg -1 (Donato, 2011) and third, 49.3 g Mg -1 (Silva et al., 2016a) . Therefore, the NCRIz and the MCh are more suitable for evaluating the nutritional status for Fe.
As for Mn, the highest MCh is in the class 5 (54.8-252.2 mg kg -1 ) ( Table 2 ). The NCRIz (111.0 mg kg -1 ) is an intermediate value within the MCh and its ULi is found close to the lower limit of the SR (260.0-507.7 mg kg -1 ) ( Table 3 ). Mn contents are well above the MCh and the SR (Silva et al., 2012) , 2,006.0 mg kg -1 , with 200-150-100 kg ha -1 year -1 of N-P 2 O 5 -K 2 O, within the MCh and below the SR (Galizzi et al., 2004) , 138 mg kg -1 with 100-50-100-50 kg ha -1 of N-P-K-Mg. Mn is the highest extracted/exported micronutrient to the dry matter by the cactus pear, 638.1 g Mg -1 (Donato, 2011) and 1,968.23 g Mg -1 (Silva et al., 2016a) ; though, the relation between DMY and Mn uptake is not significant ( Figure 1E ). For this reason, the NCRIz and the MCh are more suitable for evaluating the nutritional status for Mn.
The elevated value of Mn in tissues of 'Gigante' cactus pear (Silva et al., 2012) and the triple extraction/exportation of Mn (Silva et al., 2016a ) is a consequence of the ammonium sulfate as source of N, which reduces the pH, increasing the solubility and absorption of Mn +2 . An evidence of this was the reduction in pH from 5.33 before planting to 4.29 at harvest time due to NPK application. Conversely, lower values are found when manure is applied as it decreases the acidity and increases the adsorption of Mn. Donato et al. (2016) justified the lower contents in the cladodes by the decrease in pH from 5.4 before planting to 6.0, 6.1, and 6.2 in areas that had 30, 60, and 90 Mg ha -1 year -1 of manure applied, respectively.
The highest values of MCh for Zn contents in cladodes associated with DMY that is higher than or equal to 23.75 Mg ha -1 cycle -1 are in the classes 4 and 5 (19.7-48.5 mg kg -1 ) ( Table 2 ). The NCRIz (30.3 mg kg -1 ) is an intermediate value with the MCh and below the lower limit of the SR (34.5-57.8 mg kg -1 ), the LLi and ULi of the MCh are below the respective limits of the SR (Table 3 ). Zn contents above the MCh and the SR were observed by Silva et al. (2012) , 67.14 mg kg -1 and Galizzi et al. (2004) reported Zn contents within the MCh and below the SR, 23.8 mg kg -1 in average.
Zn is the third most extracted/exported micronutrient to the dry matter, 58.3 g Mg -1 (Donato, 2011) , and the second, 65.1 g Mg -1 (Silva et al., 2016a) . Its deficiency interferes with synthesis of auxin and protein, and with growth (Epstein & Bloom, 2006) . Therefore, the SR, MCh, and NCRIz are suitable for evaluating the nutritional status for Zn.
The highest values of MCh for Na is in the class 4 (26.7-42.7 mg kg -1 ) ( Table 2 ). The LLi and ULi of the MCh are below the limits of the SR (29.8-56.2 mg kg -1 ) and the NCRIz (19.4 mg kg -1 ) is below the lower limits of the MCh and of the SR (Table 3) . Na contents within the MCh and SR were observed by Silva et al. (2012) , 40.0 mg kg -1 and by Galizzi et al. (2004) , 38.0 mg kg -1 . Therefore, SR, MCh and NCRIz are suitable for evaluating the nutritional status for Na.
Amounts of Na extracted/exported by the plant were 45.9 g Mg -1 (Donato, 2011) and 32.3 g Mg -1 (Silva et al., 2016a) . Although Na is not considered to be essential, Epstein & Bloom (2006) reported that Na is a micronutrient for plants with crassulacean acid metabolism (CAM), as it is essential for regeneration of phosphoenolpyruvate, substrate in the first carboxylation and its deficiency induces chlorosis and necrosis, and flower drop.
Conclusions
As for B, Zn, and Na, the sufficiency range (SR), the mathematical chance (MCh) and the NCRIz are more suitable for the evaluation of the nutritional status of 'Gigante' forage cactus pear associated with dry matter yield between 21.8 and 31.2 Mg ha -1 cycle -1 .
